ABSTRACT. New opportunities for exploring stellar populations at high spectral resolution with the new generation of very large optical telescopes are reviewed. This summary will discuss papers presented at the Tucson workshop, High-Resolution Spectroscopy with Very Large Telescopes, on abundance and kinematic information for relatively cool stars of the field and clusters of our galaxy and in the Magellanic Clouds.
INTRODUCTION
To many non-spectroscopists, the phrase "high-resolution spectroscopy" often brings to mind high-resolution photospheric spectroscopy of bright stars. Other summary articles from this workshop certainly will demonstrate the limitations of this notion. Indeed, "the case for associating large aperture and high spectral resolution can draw on vital problems from the entire range of objects scrutinized by observational astronomers-quasars to Jovian satellites" (Lambert 1992) .
But the study of individual nearby bright stars dominated the early work with high-resolution spectrographs. Examination of nearly any volume of The Astrophysical Journal in the early 1950's will uncover many stellar-spectroscopy articles by leading observers of the day. In particular, ApJ's volume 116 gives good examples of the HR diagram spectroscopic taxonomy that was reaching fruition in that era, along with reports of time-resolved spectroscopy of binary and variable stars. This ApJ volume also contains Bowen's (1952) description of the then-new coudé spectrograph of the 200-in. Hale Telescope. In that article Bowen works out the expected speed of a spectrograph under various limiting conditions of the comparison of spectrograph slit dimensions to the target object angular sizes. His clear discussion, still consulted today, remains quite relevant for future spectrograph design. But Bowen's Table 2 also serves to illustrate why opportunities for high-resolution spectroscopy were relatively limited in his day. The highest resolution achievable with the original Hale Telescope coudé spectrograph was through use of the 144-in. focal length camera, which delivered 2.3-3.4 A mm -1 at the camera focal plane. With photographic emulsions having typical grain sizes of 20-50 μιη, the resolving power (R = \/S\) would range from 40,000 to 80,000. The limiting magnitude estimate for this setup was 7.5; this seems reasonable until you read Bowen's accompanying statement that this limiting magnitude is for an allnight exposure! And the resultant signal to noise (S/N) most certainly would not approach the values of -100 deemed necessary for most stellar spectroscopy today.
Limiting magnitudes for high-resolution, high-S/N spectroscopy with present 2-4-m class telescopes have increased by about 4 to 6 mag (e.g., Vogt 1987; McCarthy et al. 1993) . This is of course due to the employment of low-noise, highquantum-efficiency CCD detectors and the development of echelle spectrographs, which have higher throughput at a given R than do conventional coudé spectrographs. The high-resolution spectrograph of the Keck 10-m telescope routinely observes stars of 15th magnitude at high S/N, and much fainter objects with a S/N compromise. In this review we argue that not only are such acquisition feats now possible, they are necessary for the elucidation of stellarpopulation characteristics in our galaxy and beyond. The following sections will summarize the talks given in this section of the workshop; they offer just a sample of what can be done in stellar-population research with high-resolution spectroscopy.
LOW-LUMINOSITY OBJECTS OF THE SOLAR NEIGHBORHOOD
Descriptions of new high-resolution spectroscopic opportunities with very large telescopes often concentrate on distant star clusters and nearby galaxies. Enhanced access to nearby very low-luminosity stars should not be neglected. In particular, high-resolution observations of the Li I resonance feature in extremely red faint stars can provide a crucial test for the existence of substellar brown dwarfs. For objects with M<0.06 Mq , the core temperatures never are high enough for Li fusion reactions; consequently, Li is preserved throughout the object. For even slightly higher masses, larger core temperatures and efficient envelope convection quickly destroy Li. The detection of a substantial Li I feature in a low-luminosity, cool object may be sufficient to confirm its status as a brown dwarf (e.g., Magazzu et al. 1993; Marcy et al. 1994) . So far, all attempts to detect Li in brown-dwarf candidates have failed, including several observed with the Keck HIRES spectrograph. Other targets are being pursued, and the "lithium test" should be applied to any newly identified brown-dwarf candidate.
Even if no brown dwarf is ever discovered, highresolution studies of the low-mass end of the main sequence provide a wealth of information about stellar physics. As one puzzling example, consider the case of BRI 0021. It is an extremely cool star, probably of spectral class M9.5 (Kirkpatrick et al. 1995) ; it has very red colors, combined with a strong Rb I ground-state line in Keck HIRES spectra. Moreover, it turns out to be the second-most rapidly rotating M star known (ω~250ωο). This would conventionally indicate that BRI 0021 is a quite young star, perhaps just arrived on the main sequence. But, curiously, this object has no detectable Ha emission, unlike many other field M stars, both the slow and particularly the rapid rotators. This suggests an absence of the magnetic dynamo activity commonly observed in young, low-mass stars. At present, the history of BRI 0021 is quite unclear, but it seems to be the first example of a new class of very low-mass stellar objects. What is more clear is that the full significance of this star could not have been determined without high-resolution spectroscopy, and continued work on intrinsically very faint stars will require the enhanced light gathering power of the new very large telescopes.
STAR CLUSTERS
The particular advantages of star cluster members lie in their common (and more-or-less known) distance from us, and in their presumed common ages. In the past these advantages were useless for detailed analysis, for most stars of most clusters simply are quite faint. With present 2-4-m telescopes, efficient spectrographs, and detectors, the giant branches of a few open clusters and the giant branch tips of globular clusters are accessible to high-resolution spectroscopy. The new 10-m class optical telescopes present fresh opportunities to truly constrain stellar evolution through detailed comparisons of the spectroscopic properties of stars from the main sequence to the giant-branch tip. In this section cluster targets of new opportunity are explored.
Old Disk Clusters of the Galactic Anticenter
The disk anticenter region is interesting because it is the nearest galactic region of on-going star formation at substantially subsolar metallicity. Thus, it holds keen interest for comparison to the Magellanic Clouds and other low-mass low-metallicity irregular galaxies, and comparison to starburst galaxies in general. Moreover, a detailed exploration of the galactic-disk abundance gradient, particularly of relative abundance ratio gradients, remains to be done. Several valuable new photometric and low-resolution spectroscopic surveys of outer disk clusters have been undertaken by Kaluzny, Janes, Friel, and their co-workers. A new study by Janes and Phelps (1994) is especially useful for identifying old (¿^¿Hyades) disk clusters, which are farther than the Sun from the galactic center and out of the disk. Such clusters provide the closest overlap in age and metallicity with the globularcluster system. Brown et al. (1995) have begun exploring these anticenter clusters at high resolution, concentrating on key abundance ratios such as [O/Fe] . Frustratingly, membership remains a problem for many of these clusters, since complete propermotion and radial-velocity studies have not been done for a lot of them. Unfortunately, the Brown et al. spectra of tip giants in Tombaugh 2 push the faint limit of 2-4-m telescope highresolution spectroscopy. To do a more complete and informative study of these clusters (observing tip giants in more distant anticenter clusters, and less-luminous stars in lessdistant clusters) will require the 10-m class optical telescopes. Observing warmer giant-branch stars is crucial, for the tip-star spectra are cluttered with TiO bands; determining accurate abundances for these stars is anything but easy. And high-resolution spectroscopy must be done in the blue, even though the stellar flux levels are substantially lower in this spectral region for these stars. Only with blue spectra may complete CNO abundance distributions be determined, and only in the blue will enough lines of neutron-capture elements be found to understand the abundance ratios of these elements.
Light-Element Abundance Evolution in Globular Clusters
The globular-cluster metallicity scale questions that often dominated high-resolution spectroscopic investigations in the late 1970's and early 1980's have faded in importance, as the application of low-noise CCD detectors to luminous cluster giants have permitted more reliable equivalent-width measurements of fairly weak atomic spectral features to be made. The various photometric indices of metallicity now agree reasonably well with low-resolution and high-resolution Fe abundances for all clusters studied in some detail. Recent attention has turned to abundance ratios that will speak to questions of internal evolution and/or primordial-abundance effects in the clusters.
Dramatic variations in globular-cluster carbon and nitrogen abundances (deduced from variations in molecular CH, NH, and CN band strengths from star to star and from cluster to cluster) have been documented over the past couple of decades. A particularly succinct summary of these observations has been given by Smith (1987 , see especially his Table  II) . Similar knowledge about variations in other light elements (especially oxygen, as well as sodium and aluminum), has been slower to develop because abundances of these require accurate high-resolution spectroscopy of often weak single absorption lines. Hindsight, based on recent highresolution surveys, reveals that variations in O, Na, and Al suggested by the early studies of Cohen, Peterson, Pilachowski and their co-workers were real. Kraft (1994) has reviewed the current observational results, many of which use large surveys (10-20 stars per cluster) to demonstrate the existence of a ''universal" anticorrelation between O and Na, O and Al, and positive correlations between Ν and Na, Ν and Al. The most attractive nucleosynthesis mechanism to explain these relationships is the protoncapture hypothesis of Denisenkov and Denisenkova (1990) , which suggests that Na (and Al) may be produced in the same stellar-interior regions in which the ON cycle is depleting O in favor of N. This suggestion, explored with some numerical experiments by Langer et al. (1993) , can successfully explain many of the qualitative features of the lightelement abundance interrelationships. But the large distances of most globular clusters ensures the inaccessibility of all but red-giant-tip stars to high-resolution spectroscopy with today's 2-4-m class telescopes. It is vital to devote substantial spectroscopic effort with the new 10-m telescopes to further explore the variations in light elements along the giant branches. Particularly intriguing will be the answer to the primordial vs evolutionary question: are the light-elementabundance variations a result of contamination of material from internal nucleosynthesis and mixing along the giant branch, or are the stars formed at birth with these abundance anomalies as a result of previous generations of cluster stars. The evidence is certainly unclear at present; better understanding here will allow a much more complete description of globular-cluster evolution.
AGB Nucleosynthesis in ω Centauri
The globular cluster ω Cen is the most massive of galactic globular clusters, and has a well-known spread in Fe metallicity. Of the many curious abundance signatures, few are more dramatic than the large increase in relative abundances of neutron-capture elements to Fe, with increasing star-tostar metallicity within the cluster (Paltoglou and Norris 1989; François et al. 1988; Vanture et al. 1994) . Some neutron-capture elements (e.g.. Eu, Gd, Dy) probably are created by rapid neutron-captures during massive Type II supernova outbursts, and others (e.g., Sr, Y, Ba, La) are mainly synthesized through slow neutron captures in the Hefusion interior zones of lower-mass AGB stars. In other globular clusters, the available evidence suggests that neutron-capture elements exist in their solar ratios ([n capture/Fe]~0; e.g., Armosky et al. 1994 , and references therein). The [n-capture/Fe] trend argues for self-enrichment of ω Cen's ISM. Moreover, Smith's (1995) new observations of a single feature of Eu II in seven giants shows a distinct deficiency of this element, indicative of the absence of significant r-process material even in relatively metal-poor ω Cen stars. The s-process products from AGB stars alone may be able to account for the abundances of both traditional rand s-process elements; no appeal to r-process contributions from Type II SNe is necessary. This makes ω Cen an attractive laboratory for exploring AGB heavy-element synthesis. This will again necessitate obtaining high-resolution blueregion spectra of a large sample of cluster stars of different metallicities and giant-branch positions. Nearly impossible with current 2-4-m telescopes, this project ought to merit substantial amounts of observing time with southern hemisphere 10-m class telescopes.
GALACTIC HALO FIELD STARS
Chemical composition studies of field halo stars recently have concentrated on several element groups, including: (a) the light elements Li and Be, in the lowest metallicity stars, to compare with early-universe nucleosynthesis predictions, (b) the CNO group (especially O) and the a elements, which are predicted to be more efficiently produced in the highmass Type II supemovae presumed to dominate early galactic element production, (c) the neutron-capture (Z>30) elements, which may measure the relative importance of massive-star supemovae and less-massive AGB-star nucleosynthesis, and (d) thorium, which may provide an independent age estimate of the galaxy.
A curious result of extant studies of halo stars in the metallicity range -l^[Fe/H]^-2.5 to -3 is the great uniformity of element-to-iron ratios for many elements. To cite one example, Nissen et al. (1994) argue that in this metallicity domain, "any possible scatter of Mg/Fe, Ca/Fe, and Ti/Fe in the galactic halo is less than 0.06 dex and an upper limit for the scatter of O/Fe is 0.15 dex." They suggest that a combination of invariant IMF's in different halo locations and/or efficient mixing of newly minted elements in the ISM of different regions may account for this uniformity. One suspects that only in stars with [Fe/H]<-3 (here labeled ultrametal-poor stars) will evidence of "local" early galactic nucleosynthesis effects show up via increased star-to-star scatter in relative abundance ratios.
But nearly all halo field abundance studies have limited their observations to stars of V ^ 11, and thus very few ultrametal-poor stars have been studied. An instructive table has been computed by Nissen (1992) , giving expected numbers of stars in different metallicity ranges as a function of limiting V magnitude. Ultra-metal-poor stars with luminosities near the metal-poor color-magnitude diagram tumoff (M v -4.5) simply do not exist in the solar neighborhood (such stars at V= 11 lie within about 200 pc of the Sun).
Only by seeking much fainter ultra-metal-poor stars (thus sampling objects truly residing in the galactic halo) can we uncover the complete story of early galactic nucleosynthesis. Moreover, the severe absorption line weakness of ultrametal-poor stars necessitates the use of both high spectral resolution and S/N for most elemental abundances. Here we cite examples of vital stellar-population projects that demand high-resolution spectrographs attached to the new generation of optical telescopes.
Beryllium Production in the Early Universe
Lithium and beryllium are produced in various amounts in different Big Bang nucleosynthesis models, and the combination of Li and Be abundances in metal-poor stars potentially can provide rigorous tests of those models. Interpretation of Li and Be abundances is complicated by their ability to be created by galactic cosmic rays and destroyed by proton-capture fusion reactions in stellar interiors. But the existence of the "Spite plateau" of Li abundances in halo stars near the tumoff (e.g., Thorbum 1994, and references therein) has been attributed to production in the early universe; can a similar plateau be found for Be?
The only accessible Be features are the Be π resonance lines near 3130 Â. This spectral region is crowded with other atomic and molecular features, is close to the atmosphere cutoff, and cool stars produce little flux here relative to the V bandpass. Recent observations at moderately high resolving power (R-25,000) by Boesgaard and King (1993) found a lower limit of log e(Be) : = -0.8. But preliminary results from a new study by Boesgaard and collaborators from several institutions, using the Keck 10 m telescope and the HIRES echelle spectrograph, suggests that a lower plateau has yet to be found. Higher resolving power (/? -70,000) and S/N values exceeding 100 serve to more cleanly resolve the Be π features. Detections of these lines down to [Fe/H]=-3 indicates that N{Bc)kN (Fe) 12 . Even with the Keck telescope it is not easy to obtain spectra of the Be features even in relatively bright metal-poor stars. Thus, in addition to the requirement for large aperture, development of CCD's with better UV response will greatly aid this study, and allow observation of ultra-metal-poor stars. This project will require a big investment in very large telescope time, but is vital to understanding the role that Be plays in early-universe nucleosynthesis.
Early Galactic Nucleosynthesis
Ultra-metal-poor stars are believed to be the survivors of the earliest galactic generations. The chemical compositions of these stars provide vital clues for the description of the initial burst of galactic nucleosynthesis. A first (and quite daunting) task is simply the identification of candidate ultrametal-poor stars! A major step forward has been the recent large deep survey (Beers et al. 1992 , and earlier papers of that series) of stars near the galactic poles. Their survey is a goldmine, containing dozens of new ultra-metal-poor stars. A follow-up high-resolution abundance study by McWilliam et al. (1995) of 20 of the Beers et al. sample has identified two stars with unique abundance signatures: one is a star with overabundances of neutron-capture elements (those with Z>30) of factors up to 50 relative to Fe, compared to their solar ratios; the other apparently has large overdeficiencies of only the Fe-peak elements (23<Z<28) relative to all other detected elements. So we apparently are seeing evidence for genuine star-to-star chemical-composition scatter, indicative of local nucleosynthesis events in a partially mixed, early galactic halo.
But just as interesting may be the general trends with metallicity detected by McWilliam et al. (1995) Ryan et al. 1991) . The crucial advantage of the McWilliam et al. survey lies in the large sample size. General abundance trends in halo field stars only become apparent when metallicity bins below -3 become substantially populated. This means going to ever fainter candidate stars, and will require considerable highresolution spectroscopic investment by users of the new large optical telescopes.
Kinematics and Dynamics of Galactic Stellar Populations
Abundance studies of individual field stars can say much about stellar nucleosynthesis processes, and composition studies of large numbers of nearby stars can lead to insights on some problems in general galactic chemical evolution (e.g., Edvardsson et al. 1993) . But key issues on many aspects of stellar populations (how the galaxy formed; what is the distribution of dark matter in the galaxy; was the halo accreted or present at galactic birth; does a central bar exist; etc.) will need velocity information for very large in situ samples of stars in distant galactic regions. A successful tactic in this area is to employ high resolution but sacrifice S/N to get velocity information. In a happy surprise, Laird et al. (1988) have convincingly demonstrated that Fe metallicities good to ±0.2 dex can be extracted from limited-spectralcoverage data of S/N^10. This discovery will vastly expand the distance limit over which high-resolution spectroscopy can contribute to dynamical and chemical evolution of stellar populations in our galaxy and in other nearby galaxies. In the last section the magnitude limits for this work are explored further.
When large radial-velocity samples are critical to stellarpopulation studies, the traditional views of high resolution may not necessarily be best. In order to fully resolve spectral features of cool stars, (two pixel) resolving powers of /^60,000 seem required, from considerations of typical thermal and microturbulent velocities. This is a velocity "resolution" of 5 kms -1 . But as a rough rule of thumb, radial velocities can be measured to precisions of -0.1 to 0.03 pixels, depending on the S/N of the spectrum. Thus, the true velocity resolution in this case becomes better than 0.5 kms -1 . This is fine for some precise velocity studies (identification of binaries, derivation of their orbits, etc.) but seems overkill for much of stellar-population work. Spectral resolving powers of 7?~20,000 would be quite adequate here. And one must be cautious about simply using a very high-resolution spectrograph with a substantial amount of on-chip summation to achieve this lower resolution: while the CCD readout noise of several original pixels can be reduced to that of a single pixel by on-chip summation, the dark-current noise will not be reduced in this manner. For radial-velocity work on large stellar-population samples, it might be better to use a spectrograph designed from the beginning to work at a maximum of/?~20,000.
HIGH-RESOLUTION SPECTROSCOPY OF THE MAGELLANIC CLOUDS
Perhaps the greatest opportunity for increased impact of high-resolution spectroscopy on stellar populations lies with studies of Magellanic Cloud stars. The Clouds really serve as very populous clusters, having the cluster advantage of common distance from us and the field star advantage of many examples of all spectral classes of the HR diagram. The first priority with very large telescopes should be to describe much more completely the general detailed metallicity of the Clouds, and the present-day metallicity range (both local dispersion and radial gradient). The brightest WR blue supergiants have V-12, and other supergiants and AGB stars have 13^7^16. Some such stars have been observed with present telescopes for general abundance patterns (both in clusters and in the fields of the Clouds), for stellar velocities (of pulsating variables, of members of clusters), and for stellar envelope modeling of highly evolved stars. But the extant small samples cannot be used to give a coherent picture of the metallicity distributions of the Clouds. More statistically complete studies with new very large telescopes might concentrate especially on AGB stars, which are not difficult to study with conventional techniques in model atmosphere analysis. Then investigations should be undertaken of the fainter RGB-tip stars (V-16.5 in the Clouds) and RR Lyrae stars (V~19.2), to fairly compare these with cluster stars that have been much studied in our galaxy. These targets are impossible with the approximately 15th magnitude limit of 4-m telescopes. With the 10-m class telescopes and efficient high-resolution spectrographs, "ordinary" stars that are much easier to analyze than supergiants will become accessible.
As one example of the insights that make high-resolution spectroscopy of the Magellanic Clouds so attractive, consider once more the use of AGB stars in the description of stellar nucleosynthesis. Stellar interior calculations suggest that during the thermal pulses of an AGB star, neutrons liberated from 13 C(a,n) 16 0 will create s-process, very heavy elements. Meanwhile, at the bottom of the convective envelope fresh Li may be created via the Cameron and Fowler (1971) "Be transport mechanism." The Magellanic Clouds provide an ideal testing ground for these ideas, for large numbers of AGB stars have been identified in several surveys. Blanco et al. (1980) found no carbon stars (C>0) more luminous than M bol 6, while Wood et al. (1983) showed that S stars (C-O) persist up to the AGB luminosity limit of M bol~-7.1. This indicates the presence of substantial amounts of convective-envelope burning to convert much of the 12 C of the former carbon star to 14 N as it ascends to the AGB tip. But Smith and Lambert (1989) first showed that the Magellanic Cloud S stars are often extremely Li-rich also; the fraction of Li-rich stars in general rises steeply with increasing luminosity of the AGB stars. This confirms the existence of substantial amounts of convective-envelope burning in AGB stars, and shows clearly the existence of a major source of Li production in stars. Such confrontations as these with nucleosynthesis theory can only increase as high-resolution spectroscopy with 10 m telescopes pushes to fainter luminosities of the Magellanic Clouds.
HIGH-RESOLUTION INFRARED SPECTROSCOPY OF STELLAR POPULATIONS
The maximum impact of high-resolution spectroscopy with the new generation of large telescopes will surely not be seen in studies that simply sift through old targets at higher resolution or S/N. Fainter limiting magnitudes must bring to observability those key stellar population samples that heretofore have remained tantalizingly out of reach for highresolution work. A summary of the new capabilities for highresolution stellar spectroscopy is shown in Fig. 1 . Each panel of this figure presents the limiting distance modulus in the appropriate wavelength region, for several interesting "Classes of Star." The stellar classes are roughly arranged in a decreasing-temperature, increasing-luminosity sequence along the plot abscissa. The distance moduli here assume that interstellar reddening is negligible, and the estimates for the stellar classes are extrapolations to larger apertures of present-day instrumental capabilities. The dashed horizontal lines represent the distance moduli for selected objects, ranging from the (Cepheids) line, which represents the typical distance modulus for cluster/association Cepheids used to calibrate the Cepheid P-L relation, to the M31 line, which represents the distance modulus to the Andromeda Galaxy.
In the optical spectral region (the traditional wavelength band for high-resolution spectroscopy), the data in the two left-hand panels of Fig. 1 reminds us again that even M31 is within reach, if S/N may be sacrificed (for radial-velocity studies, metallicity surveys, etc.). But efficient highresolution spectrographs now are being built, and one would hope that with ever increasing physical sizes of IR array detectors, IR spectrographs with attractive resolution, S/N, and wavelength coverage in the J, H, and Κ bands may soon be available. With that in mind, the two right-hand panels of Fig. 1 indicate the distance modulus domain in the IR spectral range of high-resolution spectrographs attached to very large telescopes. Obviously, the most favored situation is that of observations of cool stars, since they have higher relative ñuxes in the IR.
But Fig. 1 yields the most optimistic assessment of attainable distance moduli at optical wavelengths, because interstellar reddening has been ignored. With standard total-toselective extinction ratios \A v fE{B -V) -3], quite modest E(ß -V) values accompany large total visual extinctions. If E(5 -y) = 0.5, the histograms in the optical will be depressed by about 1.5 mag; thus, only the brightest Magellanic Cloud targets will be available, and M31 will be totally beyond the reach of high-resolution spectrographs. Clearly, however, these statements do not apply to the IR, where the dust that produces E(Z? -V) = 0.5 and A v~ 1.5 will dim the IR magnitudes by ^0.3 mag. None of the limiting distance moduli are severely compromised if IR spectroscopy is employed.
There is a rich variety of atomic and molecular spectral features in the 1-2 μνα spectral range, and these have been poorly exploited to this point due to lack of large-format IR array detectors and efficient cryogenically cooled IR echelle spectrographs. Happily, this is changing rapidly, just in time for the new very large telescopes. In the not-too-distant future we shall see routine surveys at high resolution in the IR of Magellanic Cloud populations, and M31 is well within our reach.
